A 1.5-kilobase-pair SalI-HindIll (SH) Recombination hot spots are DNA sequences that stimulate genetic exchange in adjoining DNA segments; such hot spots have been identified in both procaryotes and eucaryotes. Several meiotic recombination hot spots have been identified, including the M26 mutation of ade6 in Schizosaccharomyces pombe (8), the YS17 mutation of the buff spore color locus in Sordaria brevicolis (18), and the cog' mutation in Neurospora crassa (1). In addition, the HOT] gene in the rRNA gene cluster in Saccharomyces cerevisiae functions in cis to stimulate mitotic recombination (13). Available evidence suggests that these elemnents function by generating recognition sites for recombination endonucleases or by increasing the accessibility of flanking sequences to recombination enzymes.
Recombination hot spots are DNA sequences that stimulate genetic exchange in adjoining DNA segments; such hot spots have been identified in both procaryotes and eucaryotes. Several meiotic recombination hot spots have been identified, including the M26 mutation of ade6 in Schizosaccharomyces pombe (8) , the YS17 mutation of the buff spore color locus in Sordaria brevicolis (18) , and the cog' mutation in Neurospora crassa (1) . In addition, the HOT] gene in the rRNA gene cluster in Saccharomyces cerevisiae functions in cis to stimulate mitotic recombination (13) . Available evidence suggests that these elemnents function by generating recognition sites for recombination endonucleases or by increasing the accessibility of flanking sequences to recombination enzymes.
Recently, it has been postulated that in S. cerevisiae some meiotic and mitotic recombination events occur via a double-strand-gap repair mechanism (33) . According to this model, double-strand breaks are introduced into DNA and then enlarged to double-strand gaps. Crossing over and gene conversion occur during gap repair.
The general phenomenon of crossing over in the region of centromeres (CEN) has been of particular interest to geneticists because distances between markers in these regions are often disparate when cytological and genetic maps are compared (21, 27) . In addition, mitotic and meiotic maps often disagree owing to the fact that the proportion of mitotic exchange events in some CEN-proximal regions is much higher than the relative frequency of meiotic exchange events in these regions (19, 21, 27 ). There are several explanations which either independently or together could account for this phenomenon. For example, centromeres repress meiotic crossing over in adjoining regions. This has been demonstrated to be true for the centromere on chromosome III (CEN3) of S. cerevisiae in an experiment in which wild-type CEN3 sequences were deleted and integrated in a new location on one arm of chromosome III (17) .
Another as yet untested hypothesis is that an additional effect of centromeres is to stimulate mitotic recombination in adjacent DNA. Finally, there may be genetic elements that * Corresponding author.
stimulate mitotic exchange in the vicinity of some centromeres. The results of experiments described here suggest that such an element occurs immediately adjacent to CEN14 of S. cerevisiae. In this paper, we present a characterization of a mitotic recombination-enhancing activity contained within a 1.5-kilobase-pair (kb) SaII-HindIII restriction fragment (SH fragment) originating from the centromere region of yeast chromosome XIV. The presence of SH DNA on YRp7 plasmids stimulates homologous genetic exchange between yeast genomic sequences and those present on the plasmid. In all recombinants characterized, exchange occurred in yeast sequences present on the plasmid adjacent to the SH DNA. Hybridization analyses revealed that SH-containing plasmids are present in both linear and circular forms in yeasts and that linear forms are generated by cleavage at specific sites. Control plasmids that lack SH DNA are also present as circular and linear forms in S. cerevisiae; however, they appear to be linearized by cleavage at random sites. Based on these observations, it is proposed that (i) sequences contained within the SH fragment provide hot spot function and that (ii) SH-stimulated recombination occurs via a mechanism similar to double-strand-gap repair.
MATERIALS AND METHODS
Strains, media, and enzymes. Escherichia coli JA300 (thrA leuB6 hsdR hsdM trpCi 17 strR) was used for transformations and preparation of plasmid DNAs. S. cerevisiae strains used in this study were J17 (othis2 ura3 adel met,14 trpl), RH218 (a trpl gall mal SUC2 CUP2), SB61383-1C (a trpl ura3-52 adel met14 arg5-6), and SB7883-1C (a/a ura3-52Iura3-52 trp 1ltrpl leu2-31LEU2-3 his4/HIS4 cryl ICR YI MET141metJ4 ADEl/adel). Yeast strains RH218 (22) , J17 (6), SB61383-1C (5), and SB7883-1C (5) have been described previously. Yeast matings, sporulations, and dissections were done as described previously (36) . Media for yeast and bacterial growth have been described elsewhere (12) . Re Plasmid conistructions. Plasmid pCH10 has been described previously (12. 24) . This plasmid was isolated from a yeast genomic library constructed by inserting Sau3A partial yeast genomic fragments into the BamtiHI site of plasmid YRp7 (30) . Plasmid pCH1O contains an approximately 10-kb yeast DNA insert which includes a 3.1-kb Sall-EcoRl fragment that contains the centromere and flanking sequences from yeast chromosome XIV (Fig. 1) . The 3.1-kb fragment was previously shown to be contiguous in the yeast genome (24) .
Plasmid pCHlOd was derived from plasmid pCH10 by removing a Sill restriction fragment that includes 3.5 kb of the yeast insert DNA and the adjacent 0.3-kb fragment of pBR322 between the BamI-I and Still sites. The pertinent features of plasmid pCH10d are that it is a YRp7-type plasmid and that the yeast DNA insert includes the 3.1-kb CEN14-containing SalI-EcoRl fragment (Fig. IA) .
The structures of plasmids pYe(SR)10, pYe(RH)10, and pYe(SH)10 are shown schematically in Fig. 1 . Briefly, the 3.1-kb SallI-EcoRl fragment containing CEN14 and flanking DNA was ligated into plasmid pBR322 to replace the 0.65-kb SalI-EcoRI vector fragment. The 1.5-kb E(coRI fragment containing the yeast TRPJ ARSI sequences was then inserted into the E(-oRI site of the resultant plasmid to produce plasmid pYe(SR)10. Similarly. to generate plasmid pYe (RH)10, the EcoRI-I1indlII fragment containing CENi4 was ligated in place of the small E(oRI-IiindlIl fragment of pBR322 to form plasmid pBR-RH. The 1.5-kb TRPI ARSIcontaining fragment was inserted into the EcoRI site of plasmid pBR-RH to form plasmid pYe(RH)10. Likewise, plasmids pYe(SH)10 and pYe(SH)10' were constructed by first inserting the 1.5-kb Sall-HinidIlI CEN14-adjacent fragment ( Fig. 1) in place of the 0.63-kb fragment of plasmid pBR322 to make plasmid pBR-SH. The 1.5-kb TRPI ARSI fragment was inserted in the EcoRI site of plasmid pBR-SH in both orientations to give rise to plasmids pYe(SH)10 and pYe(SH)10' (see Fig. 5 ).
Plasmids DNA preparations and transformations. Purified plasmid DNA was isolated from E. coli as described by Holmes and Quigley (10) . Yeast genomic DNA was prepared as described by Clarke and Carbon (5), and yeast plasmid DNA was prepared as described by Tschumper and Carbon (36) . Yeast and E. coli transformations were described previously (11, 35) . Southern analysis, direct hybridization in agarose gels, and colony hybridization. Hybridization analyses were used to examine yeast cells for the presence of recombinant plasmids. S. cerev,isiae colony hybridizations were as described previously (36) . Southern analysis was done as described by Southern (29) . Direct hybridization analysis of DNA in agarose gels was done as described by Tsao et al. (34) . DNA probes were labeled by nick translation as described by Rigby et al. (28) .
OFAGE. Orthogonal field alternation gel electrophoresis (OFAGE) analysis was used to identify yeast chromosomes involved in recombination with plasmid pYe(SH)10. Yeast chromosomes were prepared as described previously (M. Neitz Barbara, 1986) . Running conditions were essentially those described by Carle and Olson (4) with modifications described in the legends to Fig. 4 
RESULTS
Several observations lead to the hypothesis that a recombination hot spot occurs in sequences adjacent to yeast CEN14. First, the genetic marker, TRPI, on plasmid pYe(SH)10 often segregates through meiosis and mitosis as a chromosomal marker (Neitz, Ph.D. thesis). Yeast sequences present on this plasmid in addition to the TRPI gene include the replicator ARSI and a 1.5-kb Sall-HindIII fragment (SH) that originates from the centromere region of chromosome XIV (Fig. 1) . The vector plasmid YRp7, which differs from pYe(SH)10 in that it lacks the SH DNA ( Fig. 1 ' The number of independent plasmid transformants in yeast strain J17 subjected to the patch assay as described in Niaterials and Methods.
The percentage of patches assayed in which the plasmid genetic marker (TRPI) is stably maintained. This number is a relative measure of the frequency with which plasmids recombine with yeast genomic sequences. The probability that the difference between the percentage observed for plasmid pYe(SH)1O and that of any of the other plasmids is due to sampling error is '5.2%. pYe(SH)10 is involved in two or more types of exchange event. Integrated plasmid was observed in several colonies (for example, Fig. 2A (9, 20, 32) . Plasmid pMN105 (Fig. 3) plasmid pMN105 and 12 transformants containing plasmid pCHlOd were examined, and rearrangements were never observed to occur in this E. coli strain.
The results of the dicentric assay are shown in (Fig. 3) ; however, the restriction map of the remaining DNA appears to be unrelated to that of intact pMN105. A similar result was obtained with plasmid pCHlOd ( sequence on chromosome IV (23) or the SH DNA on chromosome XIV. To identify the genomic location of the recombination event, we performed OFAGE on chromosomes isolated from recombinant yeasts. OFAGE gels were prepared for hybridization and probed with a 1.5-kb EcoRI restriction fragment containing yeast TRPI ARSI sequences. If plasmid integrated by homology to the TRPI ARSI region, only chromosome IV is expected to hybridize to the probe. However, if plasmid stimulates an exchange with chromosome XIV, the probe is expected to hybridize to both chromosomes IV and XIV. In seven of eight recombinant yeasts tested, only chromosome IV was observed to hybridize to the probe (results shown here are for six of eight recombinants assayed; Fig. 4, lanes 1 to 3 and 6 to 8) . TRPI ARSI sequences are present on at least three chromosomes in one yeast strain in which plasmid sequences could not be detected by Southern analysis (Fig. 4, lane 6) Chromosomes were isolated from three yeast transformants carrying integrated plasmid pBR-SH-U3-TRP1 ARSI and subjected to OFAGE analysis to determine the genomic location of integrated plasmid. The OFAGE gel was prepared for hybridization and probed with 32P-labeled TRPI ARSI sequences. This probe is expected to hybridize to chromosome IV regardless of whether integrated plasmid is present on this chromosome; however, if plasmid integrated by homology to the URA3 region, chromosome V would also be expected to hybridize (23) . The chromosome V-VIII doublet hybridizes to the labeled TRPI probe (Fig. 6, lanes 1  to 3) , indicating that the plasmid is integrated in one or both of these chromosomes. Since pBR-SH-U3-TRPI ARSI does not contain sequences derived from yeast chromosome VIII, it is most likely that this plasmid is integrated on chromosome V at the ira3 locus. To determine whether the plasmid is integrated on chromosome IV as well, an OFAGE gel identical to that shown in Fig. 6 was prepared and probed with 32P-labeled pBR322 DNA. The results of this experiment (not shown) revealed that plasmid pBR-SH-U3-TRPI ARSI did not integrate on chromosome IV in the yeast strains tested. These findings suggest that homologous genetic exchange stimulated by SH DNA is not restricted to the TRPI ARSI sequences, but can occur in other yeast sequences that are positioned adjacent to the SH fragment.
Orientation effects. A patch test was done to determine whether a specific relative orientation of the TRPI ARSI fragment and the SH DNA is required for SH-stimulated recombination. Plasmids representing the four possible relative orientations of the TRPI ARSl-containing EcoRI fragment and the SH DNA (Fig. 5 ) (Materials and Methods) were subjected to the patch test. The data (Table 1) indicate that only plasmid pYe(SH)10 is involved in a high-frequency recombination event. In this assay, plasmids pYe(SH)10', pYe(ESH)10, and pYe(ESH)10' did not appear to recombine at an elevated frequency compared with the control plasmid, YRp7. This implies that genetic exchange occurring between plasmid and genomic sequences depends on the relative orientation of the potential recombination site with respect to the SH region in the plasmid. Plasmids containing SH fragment are linearized in S. cerevisiae by cleavage at specific sites. Based on the doublestrand-gap repair mechanism of recombination in S. cerevisiae proposed by Szostak et al. (33) and on evidence presented above indicating that SH DNA contains sequences that promote mitotic recombination, a likely hypothesis is that the SH fragment acts as an entry site for an endonuclease that introduces a double-strand cleavage. Furthermore, since pYe(SH)10 recombines by homology to chromosome IV, it is expected that a putative cleavage site should be in the 1.5-kb EcoRI fragment containing the TRPI ARSI DNA on the plasmid. According to this model, plasmids containing SH DNA and TRPI ARSI sequences should be present as specific linear forms in S. ceresvisiae. This hypothesis was tested by examining yeast cells to determine whether SH-containing plasmids were present in linear form. Total DNA was isolated from individual yeast transformants harboring plasmid pYe(SH)10, pYe(SH)10', or YRp7 and electrophoresed through agarose. Gels were prepared for hybridization and probed with pBR322 [32PJDNA. The results of this analysis are shown in Fig. 7A and B. The linear form of plasmid pYe(SH)10 was present in several yeast transformants examined (Fig. 7A, lanes 3, 5, 8,  9, 11, and 13 ). An identical analysis of unrestricted DNA isolated from yeast cells transformed by plasmid YRp7 (Fig.  7B, lanes 1 to 4) and plasmid pYe(SH)10' (data not shown) (Neitz, Ph.D. thesis) revealed that these plasmids also are present in linear form. Thus, all three plasmids examined are present as linear as well as circular molecules in S. cerevisitie.
A prediction of the model described above is that plasmid pYe(SH)10 should be linearized by cleavage at specific sites within the TRPI ARSI region of the plasmid, whereas YRp7 should not be cut in this region. One possibility is that plasmid YRp7 is cut at random sites. To address this question, DNA was isolated from individual yeast transformants, restricted with PvulIl, and subjected to hybridization analysis. If the site of the in vivo double-strand cleavage is specific, when gels are probed with labeled pBR322 DNA, discrete bands smaller in size than linear plasmid are expected. However, if cut sites are randomly located, a smear with greater mobility than linear plasmid is expected. The results of the hybridization analysis are shown in Fig. 7B . Genomic DNA isolated from S. cerevisiae transformed with plasmid pYe(SH)10 was cleaved with PvuII and fractionated by gel electrophoresis. Four bands (indicated by the arrows 6 to 10) lower in molecular weight than linear plasmid (Fig.  7B, lane 18) are present in all three yeast transformants. A similar result was obtained with DNA isolated from yeast cells transformed with plasmid pYe(SH)10' (Fig. 7B, lanes   12 to 14) . The presence of several discrete bands with greater mobility than linear plasmid suggests that at least two specific cleavage sites occur in each of these plasmids. However, when PvuII-cleaved genomic DNAs from cells harboring control plasmid YRp7 were subjected to a similar analysis, only linear plasmid was observed to hybridize to nick-translated pBR322 DNA (Fig. 7B, lanes 6 to 10) . The absence of discrete bands below the linear YRp7 plasmid band indicates that sites recognized by yeast nucleases are randomly located in YRp7 sequences. Thus, it is concluded that the presence of SH DNA on a plasmid stimulates recognition and cleavage at specific sites in the plasmid by yeast endonucleases.
DISCUSSION
We reported here the identification and characterization of a DNA fragment that contains sequences which promote mitotic recombination in the yeast S. cerevisiae. Briefly summarized, the evidence that hot spot activity is present on a 1. Based on data presented in this paper, the following model is proposed. The SH DNA contains an entry site for a recombination endonuclease which recognizes specific DNA sequences hereafter referred to as cleavage sites. The nuclease migrates unidirectionally along the DNA in the direction of the arrow in Fig. 5 . A characteristic of the cleavage site is that it is asymmetrical; thus, the set of sites recognized by an enzyme migrating clockwise is different from the set recognized when the enzyme is moving counterclockwise. When a cleavage site is recognized, the nuclease introduces a double-strand cut into the molecule. Cleavage sites occur in the TRPI ARSI, URA3, and pBR322 sequences. Sometimes cleavage sites are encountered but not recognized and the nuclease continues to the next site; thus, in individual colonies, there is a population of linear plasmids cut at different locations. Only plasmids linearized by cleavage within yeast sequences are recombinagenic in S. cerevisiae. The probability of cutting at a particular cleavage site decreases with its distance from the entry site. According to this model plasmid pYe(SH)10 is expected to be highly recombinagenic in S. cerevisiae since the first cleavage site encountered by the recombination enzyme and therefore the site with the highest probability of being cut is in the TRPJ ARSI region (Fig. 5) . Linearized plasmid pYe(SH)10 could integrate on chromosome IV or be involved in gene conversion by double-strand-gap repair. By the same argument, VOL. 7, 1987 plasmid pBR-SH-U3-TRPJ ARS1 is expected to recombine with chromosome V sequences since the URA3 gene is closer to the hot spot than is the TRPJ ARSI region. In plasmids pYe(SH)10' and pYe(ESH)10, the TRPJ ARSJ region does not contain a cleavage site in the correct orientation to be recognized by an enzyme migrating in the direction indicated in Fig. 5 . Although the results presented in Fig. 7B indicate that plasmid pYe(SH)10' is cut at specific sites by yeast endonucleases, this plasmid does not appear to be recombinagenic in yeast (Table 2 ). Thus, it seems likely that the double-strand breaks are not located within the yeast DNA sequences in this plasmid. In plasmid pYe(ESH)10', TRPI ARS1 sequences contain a cleavage site in the proper orientation for recognition by a nuclease migrating in the direction of the arrow (Fig. 5) ; however, owing to its distance from the entry site, cleavage in this region occurs at too low a frequency to confer a noticeable increase in recombination.
The ability of the SH DNA to act as an entry site may not be constitutive. Hot spot function may require an activating event that allows the DNA to become accessible to endonucleases. Transcription, for example, has been shown to stimulate a variety of recombinations. Blackwell et al. (3) demonstrated that rearrangement of immunoglobulin genes is enhanced by transcription in adjacent sequences. Also, the recently published results of Voelkel-Meiman et al. (37) indicate that genetic exchange stimulated by the yeast hot spot HOT] requires the function of an initiator and enhancer of RNA polymerase I transcription. These transcription regulatory elements are contained within HOT]. Finally, the expression state of the yeast mating-type genes affects the ability of these genes to switch, and transcription of one of these genes, MAT, is required for the yeast HO endonuclease to access this DNA (16) . In light of these observations, it is interesting that plasmid pBR322 contains sequences near the Sall site that can act as a promoter or enhancer for transcription of adjacent yeast DNA (26, 31) . Thus, a variation of the model presented above is that SH-stimulated recombination is due to transcription into SH DNA that is promoted or enhanced by pBR322 sequences.
One conspicuous feature of the hot spot contained within the SH DNA fragment is that it originates from a region of the yeast genome immediately adjacent to a centromere (Fig.  1A) (24) . The data presented here suggest that sequences within the SH DNA act in vivo to stimulate mitotic recombination in the CEN region of chromosome XIV. Thus, it is interesting to note the report of a diploid yeast strain trisomic for one arm of chromosome XIV (15) . While one could envision several tangible mechanisms by which this trisomy could have arisen, one possibility is that it is a result of an SH-stimulated double-strand cleavage occurring near CEN14. Healing of the cut end by the addition of telomeres would allow the arm that retained the centromere to be maintained by the cell.
In several organisms including Aspergillus nidulans (27) , Neurospora stinophila (25) , Schizosaccharomyces pombe (21), and S. cerevisiae (17, 19) , the relative frequency of mitotic recombination is greater in some CEN-linked intervals than is meiotic exchange in these regions. Thus, for these intervals, the meiotic and mitotic map distances do not agree. It was recently observed that in S. cerevisiae the ability of the centromere to repress meiotic recombination in adjacent DNA can account, at least in part, for the discrepancies in map distances (17) . Evidence reported in this paper suggests that genetic elements such as that found adjacent to yeast CEN14 may also contribute to these differences.
